• The hydraulic conductance of angiosperm xylem has been suggested to vary with changes in sap solute concentrations because of intervessel pit properties.
Introduction
Long-distance water transport in vascular plants relies on the xylem tissue, which consists of a highly efficient conduit network connecting roots to the sites of water evaporation at leaf level (Sperry, 2003; Holbrook & Zwieniecki, 2005) . The hydraulic conductance of xylem (K h ) strongly depends on the geometry of the conductive pipeline, in particular on their diameter and length according to the HagenPoiseuille law (Giordano et al., 1978; Tyree & Zimmermann, 2002) . Water transport in most woody angiosperms relies on a tortuous network of vessels, which do not pursue a strictly axial course, but make to some extent contact with other vessels (Braun, 1959 (Braun, , 1970 . The vessel wall areas where neighbouring vessels are in contact with each other allow the passage of xylem sap from one vessel to another via intervessel pits, which is especially important given the limited axial length of a single vessel (Choat et al., 2008; Neumann et al., 2010) . As water has to cross many thousands of intervessel pit membranes in order to move from the roots to the leaves, connectivity of the vessel network plays an important role in the magnitude of K h in angiosperms (Choat et al., 2006 (Choat et al., , 2008 Hacke et al., 2006; Loepfe et al., 2007) .
Changes of K h are a common consequence of xylem cavitation and embolism, a problem exacerbated by environmental stress such as drought, freezing and salinity (Cruiziat et al., 2002; Tyree & Zimmermann, 2002) . In addition, various studies suggest that K h varies with changes in sap solute concentration in some woody dicot species, but also in few herbaceous angiosperms and ferns (Zimmermann, 1978; Van Ieperen et al., 2000; Zwieniecki et al., 2001; López-Portillo et al., 2005; Nardini et al., 2007a Nardini et al., ,b, 2010 Trifilò et al., 2008; Cochard et al., 2010) . The involvement of pit membranes in controlling K h has been invoked as a possible explanation for this so-called ionic effect (Van Ieperen, 2007) . The polyelectrolytic nature of pectins in intervessel pit membranes is thought to confer to these structures hydrogel properties (Ryden et al., 2000; Ridley et al., 2001; Willats et al., 2001) . Cations in the xylem sap can interfere with negative charges exposed in the pectin polysaccharides matrix, causing shrinking of pectins with consequent increase in the dimensions of pores in the pit membranes and final enhancement of K h (Zwieniecki et al., 2001) . Although there is some experimental evidence for this hypothesis, there is no direct proof as it has not been possible to directly determine changes in pit membrane pores and pectin volume using microscopy. Hence, alternative explanations for ion-mediated changes of xylem hydraulic conductance should not be ruled out. As an example, electroviscous effects on liquid flow through pit membrane microchannels may result in similar effects on xylem water flow upon changes in sap ionic composition, without the need to invoke changes in pectin volume (Ren et al., 2001) . Although the physicochemical bases of the ionic effect clearly await further experiments to be fully understood, this phenomenon has been suggested to play a functional role in planta for the fine regulation of xylem water transport and alleviation of embolism-induced reduction of water supply to leaves Trifilò et al., 2008; Nardini et al., 2010) .
The magnitude of the ionic effect is known to be variable across species and on a seasonal basis within a single species (Boyce et al., 2004; Gascó et al., 2006 Gascó et al., , 2007 . Upon perfusion of stems with a solution of 20 mM KCl, K h has been reported to be enhanced, compared with pure water, by up to 30% in some angiosperm species, while other species show hardly any response to changes in sap ionic content (Boyce et al., 2004; López-Portillo et al., 2005) . However, measurements of the ionic effect, as conducted in some previous studies should be interpreted carefully as the use of deionized water as reference solution has been demonstrated to result in serious overestimations of the ion-mediated flow changes occurring in planta (Van Ieperen & Van Gelder, 2006; Nardini et al., 2007b) . Variation in the ionic effect has been suggested to reflect phylogenetic differences in the distribution of lignins and pectins in cell walls across vascular plants (Boyce et al., 2004) . In addition to the lignification hypothesis (Boyce et al., 2004) , recent evidence illustrates that the nature of pit membrane pectins is at least partly associated with the magnitude of the ionic effect in Lauraceae (E. Gortan et al., unpublished) .
Because the structural and functional basis of the variable response of the ionic effect in angiosperms is still unknown, this paper is aimed at elucidating the relationship between interspecific variation of the ionic effect and vessel characteristics. More specifically, the main question is whether the magnitude of the ionic effect is associated with quantitative vessel features such as vessel length, vessel diameter, vessel grouping and intervessel pitting. If intervessel pit membranes are indeed involved in the ionic effect, it is hypothesized that the ionic effect will be more pronounced in xylem with short, highly connected vessels than in xylem with long, solitary vessels. Although many studies have illustrated the large variation in vessel grouping both across woody angiosperms and within particular families (Braun, 1959 (Braun, , 1970 Zimmermann & Tomlinson, 1966 , 1967 Carlquist, 1966 Carlquist, , 1984 Carlquist, , 1987 Carlquist, , 2009 Rosell et al., 2007; Lens et al., 2009) , functional consequences of the three-dimensional vessel network with respect to hydraulic traits remain poorly explored Hacke et al., 2006; Loepfe et al., 2007) . As far as we know, no previous studies have investigated variation of the ionic effect in relation to quantitative vessel and pit dimensions in wood.
Materials and Methods

Plant material
Stem branches 1-to 4-yr-old were collected from plants growing at the botanical garden of the University of Trieste (Italy), the campus of the Faculty of Sciences at the University of Messina (Sicily), and from the living collections of the Royal Botanic Gardens, Kew (UK). Anatomical and hydraulic measurements were conducted on several branches from only one tree or shrub per species for a total number of 20 species (Table 1) . As intraspecific and even intrasample variation in pit morphological features can be considerable (Domec et al., 2008; Jansen et al., 2004 Jansen et al., , 2009 Schoonmaker et al., 2010) , we were unable to assess the influence of intraspecific variation or phenotypic plasticity in this study. Although this limitation may compromise the assumption that trait values were representative for some species, the assumption that intraspecific variation was smaller than interspecific variation with respect to hydraulic traits provided a valid approach (Matzner et al., 2001; Maherali et al., 2006; Magnani, 2009; Martínez-Vilalta et al., 2009) . The species selected covered 13 families, including six Lauraceae species, and represented both evergreen and deciduous plants. Species selection depended on availability of fresh plant material at the University of Trieste and Messina. In addition to Persea americana Mill. from Messina, we sampled five Lauraceae species from Kew in order to test for variation of the ionic effect within closely related species. Twigs that were c. 50 cm long, 5-10 mm thick, and sun-exposed at the southwest to southeast part of the crown, were cut off in the field and immediately transported to the laboratory for hydraulic measurements. Fresh samples were put in a zip-seal bag with wet paper towels and shipped to the Royal Botanic Gardens, Kew (UK) for anatomical preparation.
Hydraulic measurements
All hydraulic measurements were performed using wellestablished techniques (Gascó et al., 2006 (Gascó et al., , 2007 on three to five branches per species. Owing to variation of the ionic effect on a seasonal basis (Gascó et al., 2007) , samples were collected between April and July 2008 and , that is, during spring and early summer. Stems were trimmed under water and immediately connected to a 'Xyl'em apparatus' (Bronkhorst, Montigny-les-Cormeilles, France). Because the magnitude of the ionic effect is influenced by the percentage of intact conduits in stem samples (Gascó et al., 2006) , vessel length distributions were assessed for each species (see the section entitled 'Vessel and pit dimensions'). The length of all stem samples used was such that at least 75% of all vessels remained intact. Hence, hydraulic measurements were based on samples from different species that have a similar proportion of intact vessels.
Eventual native embolism in the xylem was removed by perfusing the stem with a reference solution at a pressure of 0.2 MPa. We used two commercial mineral waters as reference fluid: Levissima (San Pellegrino SpA, Milan, Italy) for the Italian samples and Caledonian (Sainsbury's, London, UK) for the Kew samples ( , 0.005 mM F ) , and 0.18 mM Cl ) (data from the supplier). The pH of both mineral waters was 7.4 (data from the supplier) and the overall osmolality was c. 5 mOsm kg )1 , which is similar to what is commonly found in native xylem sap. By using these reference fluids, we avoided spurious hydraulic effects caused by the use of deionized water and conducted hydraulic measurements using a solution that was considered to simulate the xylem sap ionic concentration better than fluids containing only few cations (Van Ieperen & Van Gelder, 2006; Nardini et al., 2007b) . The K h was initially measured during perfusion of stems at a pressure of 8 kPa. Then, the fluid was enriched with 25 mM KCl and the eventual increase of K h was measured when the flow became stable, which usually took between 30 min and 1 h. KCl is a suitable solute because K + is the most abundant cation in the xylem sap and represents c. 50% of total inorganic ion concentration (Siebrecht et al., 2003) . All perfusion solutions were filtered to 0.1 lm to prevent conduit clogging by suspended particles. Hydraulic measurements were conducted at a temperature of 20 ± 2°C.
Microscopy
Transverse wood sections c. 25 lm thick were prepared using a sliding microtome (Reichert, Vienna, Austria) and stained using a mixture of safranin and Alcian blue (35 : 65, v : v) . The safranin solution was prepared as a 1% solution in 50% ethanol. The 1% Alcian blue stain was Table 1 List of species studied with reference to their taxonomic family, sampling location, species acronym (as used in the figures) and magnitude of the ionic effect (i.e. the increase in xylem hydraulic conductance after adding 25 mM KCl to a reference solution) based on three to five branches from one specimen per species Two samples per species were prepared for scanning electron microscopy (SEM) following Jansen et al. (2008) . Small stem segments were dehydrated in an ethanol series, air-dried, split in a tangential plane, fixed to aluminium stubs with electron conductive carbon cement (Neubauer Chemikalien, Münster, Germany) and coated with platinum using an Emitech K550 sputter coater (Emitech Ltd, Ashford, UK). Samples were observed with a Hitachi S-4700 field-emission scanning electron microscope (Hitachi High Technologies Corporation, Tokyo, Japan) at an accelerating voltage of 2 kV.
A subset of 10 species that cover a wide range of the magnitude of the ionic effect was selected for transmission electron microscopy (TEM). Preparation of TEM samples was according to Jansen et al. (2009) . Fresh wood from the last growth ring was fixed overnight in Karnovsky's fixative at room temperature. After washing in a 0.05 M phosphate buffer, the specimens were postfixed in 1% buffered OsO 4 for 4 h at room temperature, washed again, and dehydrated through a graded ethanol series. The ethanol was gradually replaced with LR White resin (London Resin Company, Reading, UK) over several days, and the resin was polymerized in a Gallenkamp (Loughborough, UK) vacuum oven at 60°C and 1000 mbar for 24 h. Embedded samples were trimmed with a Leica EM specimen trimmer (Leica Microsystems) and sectioned with an ultramicrotome (Ultracut; Reichert-Jung, Vienna, Austria). Transverse sections between 60 and 90 nm were attached to Formvar (Agar Scientific, Stansted, UK) and 100 mesh copper grids. Counterstaining was conducted with uranyl acetate and lead citrate using a Leica EM Stain system (Leica Microsystems). Observations were carried out with a JEM-1210 transmission electron microscope (Jeol, Tokyo, Japan) at 80 kV accelerating voltage and digital images were taken using a MegaView III camera (Soft Imaging System, Münster, Germany).
Vessel and pit dimensions
A list of the quantitative vessel and pit characteristics measured including their definitions and units is given in Table 2 .
Data on the vessel length distribution were obtained using injection with silicone . Briefly, stems were first flushed at a pressure of 0.2 MPa with a water 
Intervessel pit-field fraction = ratio of intervessel wall area occupied by pits to total intervessel wall area 
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Research 221 Ó The Authors (2010) Journal compilation Ó New Phytologist Trust (2010) reference solution (see the previous section entitled 'Hydraulic measurements') to remove emboli and then injected with a silicone mixture at P = 0.5 MPa for 3 h. Rhodorsil RTV-141 (Rhodia, Cranbury, NJ, USA) was used as two-component silicone elastomer for all samples from Italy, and QSil218 (ACC Silicones Ltd, Bridgewater, UK) was used for plant material from the UK. Both silicone elastomers show similar properties with respect to curing conditions, pot life and viscosity. Application of both silicone elastomers to stems from the same species showed no significant difference in vessel length distribution, indicating that these silicones do not pass pit membranes. In order to better visualize the silicone, 1 g of a blue pigment (Pentasol; Prochima, Pesaro, Italy) was added to the Rhodorsil elastomer and 1 drop of 1% (w : w) Uvitex optical brightener (Ciba UK Plc., Bradford, West Yorkshire, UK) dissolved in chloroform per gram of QSil218 silicone. Silicone hardening was complete after 12 h of air-drying. Samples were then cut into 1.5-to 3-cm long pieces. Transverse sections (c. 20-50 lm thick) were cut by hand with razor blades and observed immediately under a light microscope for silicone mixed with Pentasol and a fluorescent light microscope for Uvitex. For each section, the number of vessels filled with silicone was counted in order to obtain the vessel length distribution and average vessel length (L), which was calculated using the equations reported by Sperry et al. (2005) based on three to five stem branches per species. Log-transformed mean lengths are reported because of the generally shortskewed length distributions. The vessel diameter (D RL ) was calculated as the diameter corresponding to mean lumen resistivity (R L ) using the Hagen-Poiseuille equation. Mean D RL values were based on a minimum of 300 vessels.
Various vessel grouping indices were calculated based on a total number of > 500 vessels per species using LM images. The vessel grouping index (V G ) was defined as suggested by Carlquist (1984 Carlquist ( , 2001 ). In addition, we calculated the solitary vessel index (V S ) and vessel multiple fraction (F VM ) after quantifying the total number of vessels, solitary vessels, grouped vessels and vessel groupings in a minimum of five selected xylem areas varying from 0.3 to 2.5 mm 2 (Table 2 ). Both solitary vessels and grouped vessels (i.e. vessel multiples) were counted as a vessel group. Assuming that vessels end randomly, V S values based on two-dimensional cross-sections are similar to the proportion of the vessel length that is not in contact with adjacent vessels. Hence, 1 -V S gives the fraction of the vessel length that is in contact with another vessel. This value was defined as the vessel contact length fraction (F L ). Multiplication of F L and L gives the average contact length between adjacent vessels (L C ).
Measurements to estimate the mean fraction of the total vessel wall area occupied by intervessel pits (i.e. the pit fraction, F P ) and the total intervessel pit membrane area per vessel (A P ) followed methods previously described in detail by Wheeler et al. (2005) and Hacke et al. (2006) . Details are listed in Table 2 . The intervessel contact fraction (F C ) was determined on a minimum of 500 vessels from five or more selected xylem areas between 0.3 mm 2 and 2.5 mm 2 based on three or more stems. The pit-field fraction (F PF ) was calculated on four or more SEM images of c. 0.1 mm 2 radial intervessel wall using two wood samples per species. The total intervessel wall thickness (T V ) was measured as the double intervessel wall in the middle of two adjacent vessels that have a more or less similar diameter. The TEM images were used to measure the pit membrane thickness (T PM ). Average values for T V and T PM were based on a minimum of 25 measurements. Mean values for intervessel pit membrane area (A PIT ), pit membrane diameter (D PM ), and outer pit aperture diameter (D A ) were based on at least 50 measurements from SEM images of various intervessel walls.
Anatomical measurements were conducted using IMAGEJ (Rasband, 1997 (Rasband, -2004 .
Evaluating relationships
Statistical analyses were performed using the R statistical environment (R Development Core Team, 2008) . For all tests, analyses were considered statistically significant if P £ 0.05.
Results
The increase in hydraulic conductance after perfusing stems with a 25 mM KCl solution showed a large variation across the species studied, varying from 1.9% in Quercus ilex to > 30% in Olea europaea and Nerium oleander ( Table 1) . The average increase of the ionic effect across all species studied was 16.8% (± 9.04 SD), with 14 species showing mean values higher than 10%. The variation found within Lauraceae was substantial: the magnitude of the ionic effect measured was < 10% in Litsea sericea and Lindera megaphylla, but > 15% in four other Lauraceae species.
A summary of selected vessel and pit characteristics is given in Table 3 . Several quantitative features were found to be correlated with the ionic effect ( Table 4 ). The strongest correlation (r = 0.79, P < 0.0001) was found between the ionic effect and the vessel contact fraction (F C ). The latter varied from 0.01 in Q. ilex to 0.26 in N. oleander (Fig. 1a, Table 3 ), with an average F C value of 0.11 (± 0.05 SD). While the pit-field fraction (F PF ), which was, on average, 0.54% (± 0.115 SD), showed no correlation with the ionic effect, the pit fraction (F P ) was positively correlated with the ionic effect (r = 0.73; P = 0.0003; Fig. 1b) . Weaker correlations, although statistically significant (P < 0.02), were found between the ionic effect and vessel grouping features (V G , V S , F VM ): there was a general increase of the ionic effect in species with higher levels of 222 Research New Phytologist Table 3 Selected wood anatomical measurements related to vessel and pit characteristics for 20 angiosperms species Acronyms for species and characters are according to Tables 1 and 2 , respectively. Species order is based on the magnitude of the ionic effect (Table 1) . Values given represent mean values ± SD; T PM data only available for 10 species studied by transmission electron microscopy; -, no data available.
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Research 223 Ó The Authors (2010) Journal compilation Ó New Phytologist Trust (2010) grouped vessels (i.e. high values of V G , F VM ) compared with species that had a high proportion of solitary vessels (Fig. 2a,b) . The solitary vessel index (V S ) decreased with increasing values of ionic effect (r = )0.59, P = 0.0067; Fig. 2a ). Minor differences were found between the vessel grouping parameters V G , V S and F VM , with F VM and V S showing a higher correlation with the ionic effect than V G (Table 4) . As the intervessel contact length fraction (F L ) equals 1 ) V S , a similar although positive correlation was found between F L and ionic effect. The ionic effect was not correlated with the average vessel length (L) and only a weak correlation occurred between the ionic effect and the contact length between adjacent vessels (L C ; r = 0.43, P = 0.0588). Except for the correlation between L and A P (r = 0.47, P = 0.0372) and a nonsignificant correlation between L and D RL (r = 0.43, P = 0.0568), L was not correlated with other pit and vessel grouping characters.
No correlation was found between the ionic effect and vessel diameter (D RL ) and vessel area (A V ). Moreover, our data revealed only a weak and nonsignificant correlation between the ionic effect and the total area of intervessel pit membranes per vessel (A P ; r = 0.43, P = 0.0666, Fig. 3) . The correlation between the ionic effect with F C and F P remained strong (P < 0.001), while no significant correlation was found with A P when excluding the six Lauraceae species from our dataset or when analysing the Lauraceae separately.
At the pit level, quantitative pit characteristics (A PIT , D PA , D PM ) showed no correlation with the ionic effect (Table 4 ; average values per species not shown). While the pit membrane thickness (T PM ) was not associated with variation of the ionic effect, there was a significant and positive correlation between intervessel wall thickness (T V ) and ionic effect (r = 0.65, P = 0.0018). Intervessel pit membranes were, on average, 513 nm (± 265 nm SD). Thin pit membranes (< 200 nm) occurred in Platanus orientalis, Robinia pseudoacacia, and N. oleander, while much thicker ones (> 700 nm) were observed in Laurus nobilis and L. sericea.
Discussion
Our dataset illustrates significant correlations between the ionic effect and quantitative vessel characteristics, such as 
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New Phytologist vessel grouping characters (F C , F VM , V G and V S ) and the intervessel pit fraction (F P ). F C quantifies the actual overlap between neighbouring vessels more precisely than V G , V S and F VM , because F C takes into account the actual amount of intervessel overlap, while V G , V S and F VM are only based on absolute numbers of solitary vessels, vessel multiples, and vessel groupings. A P values, which are an estimate of the absolute quantity of intervessel pitting within a vessel of average vessel length and diameter, show only a weak correlation with the ionic effect. These findings seem to imply that the relative estimate of intervessel contact within the hydraulic vessel network plays a role in the magnitude of the ionic effect. In general, intervessel grouping received rather limited attention in earlier studies on hydraulic traits (Huggett & Tomlinson, 2010) and can traditionally be considered as sufficiently high throughout plants, even in species with a relatively large amount of solitary vessels. Intervessel overlap and pitting was therefore not interpreted as an essential parameter that determines hydraulic constraints. So far, most attention to explain variation in K h has been paid to vessel diameter, vessel length and vessel density (Tyree & Zimmermann, 2002; Ewers et al., 2007; Sperry et al., 2008; McCulloh et al., 2010) . It is clear that progress in understanding water transport in plants may benefit from linking hydraulic parameters with quantitative interconduit features (Choat et al., 2008; Hacke & Jansen, 2009 ).
The average F C value obtained for N. oleander (0.26 ± 0.02), which shows up to 10 vessels arranged in radial multiples, is much higher than the F C values measured for all other species studied. Similarly high F C values as in N. oleander have been reported in Acer grandidentatum and various Acer species (F. Lens et al., unpublished) . It would be interesting to find out if the ionic effect of 22.3% (± 8.1% SD) as reported here for Acer campestre corresponds to comparable levels of ionic effect in other species of Acer. A high F C value (0.35 ± 0.013 SE) has also been recorded in the fern Pteridium aquilinum . Very high levels of ionic effect have been measured in ferns, with an average increase of K h c. 68% (± 21% SD) based on five fern species, including one species of Pteridium (Boyce et al., 2004) . Although the ionic effect measurements reported by Boyce et al. (2004) should be interpreted with caution because of the use of deionized water as reference fluid (Van Ieperen & Van Gelder, 2006; Nardini et al., 2007b) , the high F C value in combination with the high response to the ionic effect in five ferns Boyce et al., 2004) suggest Table 1 , 2.
that P. aquilinum has a potentially high ionic effect. We note that the average ionic effect for 30 angiosperm species was 32% (± 16% SD) as reported by Boyce et al. (2004) , which is considerably higher than the average of 16.8% (± 9% SD) based on the 20 species selected for this study. Most likely, the difference between both studies can be explained by the ionic concentration of the reference solution.
Besides Nerium oleander, vessel grouping indices (V G ) were relatively low (< 2) and showed rather limited variation across our sampling. As much higher V G values (i.e. > 20) have been reported in several climbing Apocynaceae (Lens et al., 2009) and in various angiosperm families (Carlquist & Hoekman, 1985; Carlquist, 1984 Carlquist, , 2009 , it would be interesting to test whether or not species with higher V G levels than reported in our sampling show an even more pronounced ionic effect than observed in Nerium oleander (32.3% ± 6.1 SD). Variation in V G is usually thought to be genus-or species-specific, but depending on the taxonomic group is also found to characterize higher taxonomic levels (Carlquist, 1984; Lens et al., 2008 Lens et al., , 2009 . As illustrated in Figs 1 and 2, there is considerable scattering among species when plotting the ionic effect vs vessel grouping characters, indicating that relatively large differences in ionic effect correspond to very little or no change in quantitative vessel grouping characters. Although the correlations shown in Figs 1 and 2 appear linear, increasing the percentage of loss of conductance (PLC) in stems of Laurus nobilis showed an exponential increase of ionic effect compared with fully hydrated stems after injection with 100 mM KCl (Gascó et al., 2006) . In particular, a PLC increase from 0% to 25% in stems of L. nobilis, which probably did not add very much to the amount of radial water transport, caused the ionic effect to double from 22% to c. 45% (Gascó et al., 2006) . Therefore, it is possible that minor changes in quantitative vessel characters (F C , V S , F VM , V G ) have a considerable effect on the magnitude of the ionic effect across species (Figs 1 and 2) .
Recent findings in seven species of Acer indicated that high values of V G and F C were associated with relatively short and narrow vessels (F. Lens et al., unpublished) . If short and narrow vessels (i.e. low L and D RL ) are indeed linked to high rates of V G , F VM , F C , and thus F P , but low values of V S , it is possible that high values of F C and F P are compensated by low values of A V (= pD RL L), which would result in more or less steady values of A P (= A V · F P ) across species with contrasting differences in hydraulic parameters such as ionic effect. Our present dataset, however, does not support this idea. Moreover, the strong correlations between A P and resistance to drought-induced cavitation in angiosperm wood Hacke et al., 2006) suggest that such an assumption cannot be generalized across a wide range of angiosperms. P 50 values (i.e. the pressure that reduces hydraulic conductance by 50%) based on literature for a subset of 11 species studied in this paper did not show any correlation with the ionic effect.
Furthermore, imperforate tracheary elements should be considered when evaluating K h and vessel grouping because of the strong correlation between V G and the nature of imperforate tracheary elements (Carlquist, 1966 (Carlquist, , 1984 (Carlquist, , 1987 (Carlquist, , 2001 (Carlquist, , 2009 Rosell et al., 2007) . Careful observation of longitudinal sections showed that all species sampled in this study posses a fibrous ground tissue (i.e. fibre-tracheids and ⁄ or libriform fibres), except for Viburnum tinus, which has true tracheids. Moreover, vasicentric tracheids (i.e. tracheids surrounding vessel elements) occur in Q. ilex, Phillyrea latifolia, and Arbutus unedo. The distribution of true and vasicentric tracheids in our dataset is in line with low values of V G and F VM , but high values of V S (Table 3 ; Carlquist, 1984) . The magnitude of the ionic effect in the species with tracheids is below average, although no final conclusions can be made with respect to the impact of imperforate tracheary elements on the ionic effect because of limited sampling and minor variation in xylem ground tissue across the species studied.
In conclusion, this paper provides preliminary evidence that the quantity of vessel grouping and intervessel pitting contributes to interspecific variation of the ionic effect. As the correlation between the ionic effect and total intervessel pit membrane area per vessel (A P ; r = 0.43, P = 0.0666) was found to be only slightly weaker compared with a generally supported wood anatomical relationship such as vessel length (L) and vessel diameter (D RL ; r = 0.43, P = 0.0568; Zimmermann & Jeje, 1981; Hacke et al., 2006; Huggett & Tomlinson, 2010) , further work is needed to test the relationship between ionic effect and A P . In addition to pit quantity, interspecific variation of the ionic effect is probably related to differences in pit membrane chemistry, in particular to the relative proportion of acidic vs methylesterified pit membrane pectins (Zwieniecki et al., 2001; E. Gortan et al., unpublished) . Further chemical characterization of intervessel pit membranes would be most welcome to better understand ion-mediated changes of K h . Future work is also needed to test whether the ionic effect is correlated with the relatively large variation in pit membrane area resistance (r P ) Choat et al., 2006 Choat et al., , 2008 Hacke et al., 2006; Pittermann et al., 2006) . New Phytologist
